Tumor suppressors miR-143 and miR-145 and predicted target proteins API5, ERK5, K-RAS, and IRS-1 are differentially expressed in proximal and distal colon.
THE PROXIMAL AND THE DISTAL COLON differ in many respects, including embryological origin, local luminal environment, excretory function, and gene expression. While colonic regional differences in the microbiome, fecal stream composition, transcription factor expression, and DNA promoter methylation are believed to contribute to these differences, microRNAs (miRNAs), a more recently described class of gene regulators, are also likely involved in differential gene expression.
miRNAs are small noncoding RNAs that regulate gene expression by binding to the 3=-untranslated region of mRNA, causing translational inhibition or degradation of mRNA (5) . On the basis of intracellular and extracellular cues, miRNAs modulate gene expression to control cellular proliferation, differentiation, and apoptosis (3) . miRNAs regulate normal intestinal cell function, and many miRNAs are dysregulated in carcinogenesis, acting as oncogenes when upregulated or unmasking tumor suppressor functions when downregulated (3, 26, 30) . As such, expression profiles of miRNAs have been shown to be altered in many tumors, including colon cancer (13, 54, 57) .
Most prior studies examining miRNAs in colonic tissue have not distinguished regional variation in miRNA expression, despite known differences in biological function and embryological origins of proximal and distal colon (33, 45, 46, 54) . Previous genome-wide gene expression analyses have reported differential gene expression by location in normal colons (17, 38) . Furthermore, tumors arising in proximal and distal colon differ in natural history, cell biology, mutation spectrum, and gene expression (2, 8, 9, 39) . Because miRNAs regulate an estimated 60% of genes and miRNA profiles in tumors have been shown to differ between proximal and distal colon tumors, we speculated that proximal and distal colon might also differ in miRNA expression (15, 49) . Such differences could elucidate region-specific mechanisms of cancer development.
Genes encoding polycistronic miR-143 (miR-143) and miR-145 on chromosome 5 are highly expressed in the colon and downregulated early in colon cancer (32) . These miRNAs appear to drive a differentiated cell phenotype, inhibiting growth in transfected colon cancer cells (60) . It seems likely, therefore, that these miRNAs play important roles in normal colonic biology and that their loss contributes causally to neoplastic progression. In this study, we demonstrate that these miRNAs are differentially expressed in proximal and distal colon. Increases in cellular proliferation and decreases in apoptosis have been described in colon cancer development. Therefore, we investigated regulation of these miRNAs, as well as their putative targets, which might control cell turnover and, thereby, contribute to malignant progression with loss of these miRNAs.
METHODS
Patients. The study was approved by the Institutional Review Board at the University of Chicago (IRB 10-209-A). Informed consent was obtained from healthy individuals prior to colonoscopy as part of standard clinical care or from individuals with a colon cancer prior to surgical resection. Healthy individuals were included if they were Ͼ21 yr of age and had no history of colorectal cancer (CRC), family history of CRC in a first-degree relative, or history of advanced colonic neoplasia [large (Ͼ1 cm) adenoma, multiple (Ͼ3) adenomas, or high-grade dysplasia]. All samples from healthy individuals were from endoscopically and histologically normal colonic mucosa. Standard-sized colonic biopsies were obtained from the ascending colon and from the sigmoid colon, 20 cm proximal to the anus. Malignant tissue from colon cancers and adjacent normal mucosal tissue were obtained after surgical resection. Tissues were flash-frozen in liquid nitrogen and stored at Ϫ80°C until extraction of RNA, DNA, or protein. Because of limitations in biopsies and differences in methods of extraction, some comparisons involving RNA, DNA, or protein were performed on different patients. For any given comparisons between proximal and distal colon, DNA, RNA, or proteins were analyzed from the same patient.
Quantitative real-time PCR. RNA extraction from mucosal biopsies was performed using the miRCURY RNA isolation kit (Exiqon, Vedbaek, Denmark) as previously described (41) . RNA was extracted from cell lysates using the miRNeasy Mini Kit (Qiagen, Hilden, Germany). For mature miRNA analysis, cDNA was prepared from 100 ng of total RNA using specific primers and the MultiScribe reverse transcriptase kit (Life Technologies, Grand Island, NY). For primary miRNA analysis, cDNA was prepared from 100 ng of total RNA using random hexamers and the MultiScribe reverse transcriptase kit. TaqMan quantitative real-time reverse transcription-PCR (qPCR) was performed with TaqMan Fast Universal Master Mix (Life Technologies). Primers and probe for miR-143 (002249), miR-145 (002278), primary miR-143 (03303166_pri), primary miR-145 (03303169_pri), RNU48 (001006), and ␤-actin (catalog no. 4333762F) were provided by Life Technologies. PCR thermal profile included 45 cycles with a preamplification of 95°C for 10 min; 95°C for 15 s followed by 60°C for 60 s, 72°C for 1 s, and a final hold of 40°C for 30 s in a light cycler (model 480, Roche, Indianapolis, IN). PCR data were analyzed using the comparative threshold (⌬⌬CT) method (27) DNA methyltransferase inhibitor studies. LoVo, DLD-1, HT-29, and HCT-116 cells were seeded on six-well plates. After 24 h, the cells were treated with 0, 5, or 10 M 5-aza-2=-deoxycytidine (5-AZA; Sigma-Aldrich, St. Louis, MO) for 24 h ϫ5. At 24 h after the last of a total of five treatments with 5-AZA, the cells were harvested, and miR-143 and miR-145 were measured by qPCR.
DNA sequencing of bisulfite-treated DNA. DNA extraction was performed using the AllPrep DNA/RNA universal kit (Qiagen). Bisulfite treatment was carried out using the EpiTect bisulfite kit (Qiagen) according to the manufacturer's specifications. PCR was performed on bisulfite-treated DNA using primers designed with MethPrimer software. Primer sequences were as follows: TTGGGTGTTTA-AATGGTAGGTTATAGPCR (forward) and TACACCTCAAACTA-AAAAACAAAAC (reverse) for miR-143 and GTTATAGATGG-GGTTGGATGTAGAA (forward) and CCTCAAAAACAATATT-TCCAAAAAT (reverse) for miR-145. PCR was performed with 17.5 ng of bisulfite-converted DNA using an AmpliTaq Gold DNA polymerase (Life Technologies). The PCR thermal profile included activation at 95°C for 10 min, amplification for 45 cycles at 95°C for 30 s, 51°C to 47°C with 0.25°C decrease/cycle touchdown for 30 s, followed by 72°C for 60 s, a final extension of 62°C for 7 min, and a final hold at 37°C for 10 min in a light cycler (model 480, Roche). PCR products were purified using the QIAquick PCR purification kit (Qiagen). PCR products were subcloned into pCR4-TOPO vector using the TOPO TA cloning kit (Life Technologies). Chemically competent TOP10 Escherichia coli cells were transformed with the pCR4-TOPO vector via heat shock protocol. The bacteria were grown in the presence of ampicillin to select for those with the subcloned plasmid. Sequencing of cloned PCR products was carried out with the Applied Biosystems 3730XL DNA analyzer in the University of Chicago DNA sequencing facility. Analysis and representation of CpG dinucleotide methylation was carried out using BISMA (http:// services.ibc.uni-stuttgart.de/BDPC/BISMA) (44) .
Western blotting. Protein extractions and Western blotting were performed as previously described (41) . Primary antibodies included API5 (1:500 dilution; Sigma-Aldrich), CDK6 (1:1,000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA), cyclin D2 (1:500 dilution; Santa Cruz Biotechnology), E-cadherin (1:2,500 dilution; BD Biosystems, San Jose, CA), ERK5 (1:500 dilution; Cell Signaling Technology, Danvers, MA) IRS-1 (1:1,000 dilution; Cell Signaling Technology), and K-RAS (1:250 dilution; Santa Cruz Biotechnology). Blots were reprobed for ␤-actin (Sigma-Aldrich) to confirm comparable protein loading. Specific proteins were detected by xerography on X-OMAT AR film using an enhanced chemiluminescence system. Xerograms were digitized with an Epson flat-bed scanner and quantified using ImageJ v1.48 (National Institutes of Health) for data acquisition and analysis. Mean expression levels were compared by Student's t-test.
In situ hybridization. In situ hybridization for miR-145 was performed using a 5=-end digoxigenin-labeled locked nucleic acid-modified miRCURY miR-145 detection probe or a scrambled probe as irrelevant control (Exiqon) as previously described (41) . Sections were imaged using an epifluorescence microscope equipped with a charge-coupled device camera, and intensity values in appropriate wavelengths were recorded after images were locked at a single exposure for comparison.
RESULTS

Mature miR-143 and miR-145 are differentially expressed in
proximal and distal colon. miR-143 and miR-145 expression levels were measured in proximal and distal colon in eight healthy individuals. The mean level of miR-143 was 2.0-fold higher in proximal than distal colon (P Ͻ 0.001), and miR-143 expression levels in all eight individuals were higher in proximal than distal colon. Similarly, the mean level of miR-145 expression was 1.8-fold higher in proximal than distal colon (P ϭ 0.03; Fig. 1 ). In seven of eight individuals, miR-145 expression levels were higher in proximal than distal colon. In agreement with these real-time PCR findings, in situ hybridization of miR-145 was increased 1.8-fold in proximal compared with distal colonic mucosa (relative intensity: 30,000 for proximal colon and 17,000 for distal colon; Fig. 1) .
Impact of DNA methylation on miR-143 and miR-145 expression. The DNA methyltransferase inhibitor 5-AZA results in net DNA demethylation. Expression levels of primary transcripts and mature miR-143 and miR-145 were measured (Fig. 2) .
Similarly, primary miR-145 increased in LoVo and DLD-1 cells [16.1-fold (P ϭ 0.2) and 21.6-fold (P ϭ 0.06) with 5 and 10 M 5-AZA, respectively, in LoVo cells and 23.6-fold (P ϭ 0.01) and 31.1-fold (P ϭ 0.002) with 5 and 10 M 5-AZA, respectively, in DLD-1 cells]. However, expression of mature miR-145 did not change in these cell lines. In HCT-116 cells, treatment with 10 M 5-AZA downregulated primary miR-145 expression (0.5-fold, P ϭ 0.01) but did not affect mature miR-145. In HT-29 cells, there was no change in primary miR-145, although we noted a significant increase in mature miR-145 following 5-AZA treatment [2.0-fold (P ϭ 0.02) and 1.7-fold (P ϭ 0.02) with 5 and 10 M 5-AZA, respectively; Fig. 2] .
To further examine the impact of DNA methylation on expression levels of these miRNAs in colon cancer cells, we used direct bisulfite sequencing from these cell lines to assess methylation of the genes coding for miR-143 and miR-145 (Fig. 2) . In all four cell lines, the overall percentage of DNA methylation was high (63-100%) at the CpG sites. Hence, differences in primary miRNA transcript expression levels following 5-AZA treatment were not directly explained by methylation differences in CpG sites in genes encoding miR-143 and miR-145.
To investigate the impact of methylation on differences in miR-143 and miR-145 expression between normal proximal and distal colon, we performed sequencing of bisulfite-treated DNA on biopsies from proximal and distal colon in four subjects. As shown in Table 1 , there were no differences in methylation between proximal and distal colon for miR-143 (78.7% vs. 81%, P ϭ 0.39) or miR-145 (79.5% vs. 83.4%, P ϭ 0.55). It is also important to note the high percentage of DNA methylation at the interrogated CpG sites in normal proximal and distal colon (Fig. 3) .
Expression of primary transcripts in proximal and distal colon. As differences in expression of miR-143 and miR-145 could not be explained by differences in DNA methylation of genes encoding these miRNAs between proximal and distal colon, we sought to investigate if the regional differences in expression were more likely secondary to differences in miRNA transcription or processing. We measured primary transcripts of miR-143 and miR-145 by real-time PCR. As shown in Fig. 1 , there were no differences in primary miR-143 expression between proximal and distal colon (P ϭ 0.8). In contrast to mature miR-145 expression, which was higher in proximal colon, primary miR-145 was lower in proximal than distal colon (P Ͻ 0.001). These findings suggest that regional differences in mature miR-143 and miR-145 are likely secondary to regional differences in miRNA processing, rather than differences in transcription of these miRNAs.
Expression and DNA methylation of miR-143 and miR-145 in colon cancer. Because differences in mature miR-143 and miR-145 expression between normal proximal and distal colon are likely secondary to differences in processing of the primary transcript, we sought to determine whether expression differences between the mature miRNA and the primary transcript were similar in sporadic colon cancer. Primary miR-143 was downregulated 4.0-fold (P ϭ 0.03) and primary miR-145 was downregulated 3.4-fold (P ϭ 0.1) in colon cancer compared with adjacent tissue (n ϭ 11). Similarly, mature miR-143 was downregulated 4.9-fold (P Ͻ 0.001) and miR-145 was downregulated 4.6-fold (P ϭ 0.009) in colon cancer compared with adjacent tissue, suggesting that decreases in transcription probably contribute to downregulation of mature forms of these miRNAs in colon cancer (Fig. 4) .
Bisulfite genomic sequencing was performed on four cancers and adjacent nondysplastic tissue. As shown in Table 2 , no significant differences in methylation were observed in colon cancers compared with adjacent tissue for miR-143 (73.8% vs. 67.7%, P ϭ 0.29) or miR-145 (81.2% vs. 79.7%, P ϭ 0.79) (Fig. 5) .
Expression of miR-143 and miR-145 target proteins in proximal and distal colon.
Since miR-143 and miR-145 are lost early in colon cancer development and premalignant lesions have increased proliferation and decreased apoptosis, we used TargetScan 6.2 (www.targetscan.org), microRNA.org (www.miRNA.org), and miRDB (www.mirdb.org) to examine putative targets of these miRNAs that might regulate cell cycle or survival. In a preliminary analysis in four patients, examination of putative target proteins identified four proteins (IRS-1, API5, ERK5, and K-RAS) with differential expression between proximal and distal colon. To confirm these results, expression of these four proteins was measured by Western blotting in proximal and distal colonic mucosal biopsies from an additional 8 -11 patients. As shown in Fig. 6 , these predicted targets demonstrate an inverse pattern of differential expression compared with miR-143 and miR-145, with higher expression levels in distal than proximal colon. Relative ratios of expression in distal colon to expression in proximal colon were 3.2 Ϯ 2.6 for IRS-1 (P ϭ 0.04), 2.5 Ϯ 1.0 for K-RAS (P ϭ 0.006), 1.6 Ϯ 0.8 for API5 (0.05), and 1.3 Ϯ 0.5 for ERK5 (P ϭ 0.21). Comparison of expression of these proteins for each patient showed higher expression of IRS-1 in 6 of 8 patients, higher expression of K-RAS in 7 of 8 patients, higher expression of API5 in 9 of 11 patients, and higher expression of ERK5 in 8 of 11 patients in distal than proximal colon (Fig. 6) .
miR-143 and miR-145 transfection in HCA-7 and HT-29 colon cancer cells.
To further assess whether these regulators of cell cycle and survival are potential targets of miR-143 or miR-145, we transfected mimics of these miRNAs into HCA-7 cells (IRS-1) or HT-29 cells (K-RAS, API5, and ERK5) and examined their effects on these proteins. As shown in Fig. 6 , transfected miR-145 or miR-143 downregulated IRS-1 (miR-145), K-RAS (miR-143), and ERK5 (miR-143), respectively.
In contrast, no differences were seen in expression of API5 with transfection of miR-143 (Fig. 6) .
DISCUSSION
While downregulation of miR-143 and miR-145 has been reported in colon cancer, this is the first report describing regional variation of these miRNAs in normal colon (1, 32, 51) . Interestingly, ratios of abundance of predicted targets, API-5, ERK5, IRS-1, and K-RAS, in distal colon to that in proximal colon showed an inverse relationship to the concentrations of these miRNAs. Although in this report proliferation and antiapoptotic signals were increased in distal colon compared with proximal colon, previous studies have been inconsistent with respect to regional variation in proliferation rates in normal colon (4, 24, 25, 28, 40, 56) . Since homeostatic regulation is complex, however, other mechanisms are undoubtedly also involved in controlling proliferation and apoptosis.
In agreement with other studies in which increased DNA methylation was shown to contribute to downregulation of miR-143 and miR-145 in other cell types, we used 5-AZA to demonstrate that DNA methylation likely contributes to downregulation of these miRNAs in colon cancer cells (14, 53) . Our analysis, however, did not demonstrate significant differences in DNA methylation in genes coding for these miRNAs in colon cancers compared with adjacent tissue or in colon cancer cell lines in which expression in the primary transcript of miR-143 and miR-145 was increased following 5-AZA treatment compared with those in which expression was not changed. The finding that both miRNAs increased following 5-AZA treatment in colon cancer cells, despite the absence of differences detected in DNA methylation in colon cancers compared with adjacent tissues, suggests that DNA methylations controlling miRNA expression are occurring at loci remote from those we investigated or in a single cell type that could not be detected given the cellular heterogeneity in human colonic biopsies.
Previous analyses demonstrated differences in DNA methylation between proximal and distal colon (21, 22) . Despite the finding that 5-AZA upregulated expression of miR-143 and miR-145 in some colon cancer cell lines, we did not identify changes in methylation of these miRNAs between proximal and distal colon. In fact, the discordance between mature miRNAs and primary transcript expression of these miRNAs in proximal and distal colon suggests that regional differences in expression of mature miR-143 and miR-145 are secondary to differences in miRNA processing. In contrast, the mature and primary transcripts were downregulated in sporadic colon cancer compared with adjacent nondysplastic tissue. These findings suggest that transcriptional dysregulation is contributing to the downregulation of these miRNAs in colon cancer. As mature miR-143 and miR-145 were more significantly downregulated than the primary transcripts in our analysis of colon cancers, however, we hypothesize that alterations in miRNA processing are also contributing to decreases in mature miRNAs in colon cancer.
Several potential targets of miR-143 and miR-145 have been suggested in silico and further supported in cell culture studies (18, 55, 58, 59) . In this study, we examined API5, ERK5, IRS-1, and K-RAS, which are reported targets of miR-143 or miR-145 and causally implicated in colon cancer progression. API5 is an antiapoptotic protein that suppresses E2F-dependent apoptosis, an important regulator of tumor growth in colon cancer (11, 34) . Upregulation of API5 has not been reported in colon cancer but appears to play an important tumor-promoting role in other cancers (23, 52) . ERK5 is a member of the mitogen-activated protein kinase family, which is important in cellular proliferation, including mediation of epidermal growth factor-induced proliferation (20, 35) . IRS-1 is involved in cellular proliferation and survival and is upregulated in multiple cancers, including colon cancer. IRS-1 is required for efficient neoplastic transformation induced by ␤-catenin (43). K-RAS is an upstream activator of ERKs, important transducers of proliferation (19, 47) . In the present study, these proteins displayed regional variations consistent with differences in miR-143 and miR-145 expression. In agreement with other studies, we showed that transfection of miR-143 downregulated ERK5, as well as K-RAS, and transfection of miR-145 downregulated IRS-1 in CRC cells (12, 48) . We did not observe differences in API5 expression after transfection of miR-143 in HT-29 cells. In a previous analysis, we did demonstrate such a downregulation of API5 with miR-143 transfection in HCT-116 cells, another colon cancer cell line. It is possible that this discrepancy could be related to cell-specific differences, such as alternative splicing, which might alter the 3=-untranslated region of API5. There are several potential limitations of this study. 1) While we demonstrated significant differences between proximal and distal colon in a relatively small cohort of normal individuals, larger studies are needed to confirm these differences.
2) The regional variation in miRNAs and proteins identified in this study cannot be extrapolated to other miRNAs and proteins that may be regulated by different mechanisms. 3) Despite demonstrating an association between specific miRNAs and proteins in vivo and a potential causal effect in cell culture, we cannot conclude that there is a direct causal relationship in vivo, where miRNA-mRNA interactions are more complex.
4) The methylation analysis may have been limited by the number of patients studied, the heterogeneous cell type sampled in human colonic tissues, and known variation in total methylation among individuals. Although we controlled for interindividual variability in tissue methylation by comparing regional DNA methylation in the same subject, the degree of methylation may be related to other factors such as age and sex.
Distal colon tumors are more prevalent than proximal colon cancers (7) . In contrast, proximal colon cancers present with larger tumor size, higher grade, and worse outcomes than distal colon tumors (7, 16, 31, 50) . These findings likely are driven in part by biological differences between normal proximal and distal colon. Indeed, molecular markers of colon cancer are known to vary by colon location (2, 6, 9, 10, 29, 36, 37) . These observations may result from different embryological origins of proximal vs. distal colon, as well as regional differences in the colonic microbiome and differences in constituents of the fecal stream, such as secondary bile acids and short-chain fatty acids, and potential carcinogen concentrations in the aqueous phase. Because the miRNAs and proteins examined in this study are potentially implicated in colonic carcinogenesis, their differential expression might contribute to differences in the pathobiology of proximal vs. distal colon cancers and have implications for CRC prevention or treatment.
In conclusion, we have demonstrated differential expression of miR-143 and miR-145 and API5, ERK5, IRS-1, and K-RAS, proteins that are putative targets of these mRNAs, in normal proximal and distal colon. These differences may contribute to regional differences in cell turnover in normal colon and site-specific predilections in colonic malignant transformation. Examination of these miRNAs, as well as their putative target transcripts and proteins, within tumors of proximal and distal colon is needed to further explore this hypothesis. Given the differential miRNA expression pattern we observed in proximal vs. distal colon, location should be taken into account in future studies that examine miRNAs in the colon.
